Genomes are organized into three-dimensional structures, adopting higher-order conformations inside the micron-sized nuclear spaces 7, 2, 12 . Such architectures are not random and involve interactions between gene promoters and regulatory elements 13 . The binding of transcription factors to specific regulatory sequences brings about a network of transcription regulation and coordination 1, 14 .
Chromatin Immunoprecipitation

(at 10:03 of the video)
To reduce the level of complexity and background noise, antibodies against specific protein factors are used to enrich specific chromatin fragments of interest before proximity ligation 6 .
Here, we used a mouse RNA polymerase II monoclonal antibody (8WG16) that recognized the initiation form of the protein. By enriching DNA fragments that are associated with RNA polymerase II, specificity of the library can be increased, allowing identification of long-range chromatin interactions between active promoters and their corresponding regulatory regions 9 .
1. Discard wash buffer from antibody-coated beads with the help of a magnetic particle concentrator. 2. Transfer sonicated chromatin (supernatant from step 5.1.6) with the help of the magnetic particle concentrator to antibody-coated beads (from step 5.2.7). 3. Rotate overnight at 4 °C.
Washing and Elution of Immunoprecipitated DNA-Protein Complexes
(at 11:13 of the video)
1. Wash chromatin-immunoprecipitated beads thrice with 5 ml 0.1% SDS Lysis Buffer. 2. Wash beads once with 5 ml High Salt Wash Buffer (50 mM HEPES pH 7.5, 350 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Sodium Deoxycholate, 0.1% SDS). 3. Wash beads once with 5 ml Lithium Chloride Wash Buffer (10 mM Tris pH 8.0, 250 mM LiCl, 1 mM EDTA, 0.5% Nonidet P-40, 0.5% Sodium Deoxycholate). 4. Discard wash buffer and resuspend washed beads with 1 ml TE Buffer. 5. Rotate for 5 minutes at 4 °C. The sample is ready for quantitation and ChIP enrichment check. Once sufficient ChIP material has been collected, the sample is ready to be constructed into a ChIA-PET library. This step is critical, and must be done to ensure successful ChIA-PET library construction. ChIP-enriched beads may be stored for up to 2 weeks at 4 °C while undergoing quantitation, ChIP enrichment checks, and accumulation of sufficient material. Centrifuge eluted beads at 6,100 x g (800 rpm) for 1 minute at 4 °C. Transfer eluted ChIP complexes (supernatant) to a new tube with the help of the magnetic particle concentrator.
• Reverse-crosslink "input" and eluted ChIP complexes with 2 μl Proteinase K (final concentration of 0.2 g/ml) for 2 hours at 50 °C.
• Transfer reverse-crosslinked "input" DNA and eluted ChIP DNA into a 2 ml MaXtract High Density (respectively). 1. Wash ChIP-enriched beads once with ice-cold TE Buffer. This and future washes involving magnetic beads consist of the following steps.
• Centrifuge at 6,100 x g (800 rpm) for 1 minute at 4 °C.
• Reclaim beads using a magnetic particle concentrator.
• Discard supernatant.
• Add buffer to beads.
• Mix beads with buffer by flicking action.
2. To fill-in sonicated overhangs, prepare a master-mix with 70 μl 10 x Buffer for T4 DNA polymerase, 7 μl 10 mM dNTPs and 615.8 μl nucleasefree water. Mix thoroughly and resuspend washed beads with master-mix. Add 7.2 μl 9.7 U/μl T4 DNA polymerase to a final volume of 700 μl. Mix and incubate for 40 minutes at 37 °C with rotation (using Palico Biotech Intelli-Mixer RM-2L, F8, 30 rpm, U=50, u=60). Perform all subsequent enzymatic reactions with the following steps.
• Dilute reaction buffers with nuclease-free water.
• Add all other reagents (except enzymes) to diluted buffer.
• Mix thoroughly. Resuspend beads/pellet with reaction mix.
• Add enzyme to resuspended beads/pellet (Keep enzymes on benchtop cooler box at all times to ensure maximum enzymatic activity).
• Seal the tube with parafilm.
• Ensure that beads are well-mixed throughout the entire incubation.
3. Discard reaction mixture and wash away residual buffer salts and enzymes thrice with ice-cold wash buffer (10 mM Tris-Cl pH 7.5, 1 mM EDTA, 500 mM NaCl).
Ligation of Biotinylated Half-Linkers to ChIP DNA
This chapter of the video highlights the characteristics of the half-linker oligonucleotides used in the construction of ChIA-PET and the use of nucleotide barcode composition to distinguish between non-specific and specific ligation products (13:28 to 14:24) of the video).The chapter also shows the step-by-step procedure of setting up a half-linker ligation reaction (Step 2.2, 14:24 to 15:54 of the video).
Two types of biotinylated half-linkers are introduced in this protocol and are designed with an internal barcode of four nucleotides (TAAG or ATGT) and a recognition site for the type IIS restriction enzyme MmeI (TCCAAC). After ChIP enrichment, sonicated chromatin fragments are divided equally into two aliquots and are first ligated with an excess of either half-linker A or half-linker B 5, 9 .
1. Divide ChIP-enriched beads into two aliquots for DNA half-linker ligation by biotinylated half-linkers A or half-linkers B respectively. These two half-linkers have the same nucleotide sequences, except four nucleotides in the middle which serve (Half-linker A with TAAG; half-linker B with ATGT) as nucleotide barcodes. When combined during proximity ligation, random and non-specific ligations between two different ChIP complexes can be identified from the population of sequences with heterodimer AB linkers, as compared with specific ligations which can be identified from the population of sequences with homodimer AA or BB linkers. 2. Ligate ChIP-enriched beads with 140 μl 5 x T4 DNA ligase buffer with PEG, 3.5 μl 200 ng/μl biotinylated half-linkers A or B, 553.5 μl nuclease-free water and 3 μl 30 U/μl T4 DNA ligase (Keep T4 DNA ligase on a benchtop cooler box at all times as ligases are unstable even on ice). Seal the tube with parafilm and incubate overnight at 16 °C with rotation. 1. Wash half-linker-ligated beads thrice with ice-cold Wash Buffer (10 mM Tris-Cl pH 7.5, 1 mM EDTA, 500 mM NaCl). 2. Combine both tubes of half-linker-ligated beads in the following manner.
Elution and Proximity Ligation of ChIP DNA Fragments
• Reclaim one of the tubes of half-linker-ligated beads using a magnetic particle concentrator ("Tube A").
• Keep the other tube of half-linker-ligated beads on ice ("Tube B").
• Discard Wash Buffer (from step 3.2.1) from Tube A and transfer half-linker-ligated beads (from step 3.2.2) from Tube B into Tube A while Tube A is still on the magnetic particle collector.
• Add 700 μl ice-cold Wash Buffer to Tube B to collect any residual half-linker-ligated beads and ensure both tubes of half-linker-ligated beads are combined properly. Transfer the wash buffer into Tube A. Discard the empty Tube B.
3. Phosphorylate half-linker-ligated beads with 70 μl 10 x T4 DNA ligase buffer (NEB), 616 μl nuclease-free water and 14 μl 10 U/μl of T4 DNA Polynucleotide Kinase. Incubate for 50 minutes at 37 °C with rotation. 4. Reclaim phosphorylated half-linker-ligated beads using a magnetic particle concentrator and discard reaction mix. 
Immobilization of ChIA-PET DNA to Streptavidin Beads
The introduction of this chapter talks about the presence of the MmeI recognition site and the biotinylated T present in the half-linker oligonucleotides to facilitate the extraction of tag-linker-tag constructs ("PETs", 18:02 to 19:10 of the video). In addition, this chapter of the video also gives a quick overall view of Step 5.2, the step-by-step procedure of setting up a PCR reaction (Step 6.1, 19:10 to 20:00 of the video) and excising a successful ChIA-PET DNA (Step 6.9, 20:00 to 20:30).
Half-linkers A and B contain flanking MmeI recognition sites, allowing this type IIS restriction enzyme to cut 18/20 base pairs downstream of their target binding sites to generate short "tags" of the chromatin fragment, producing paired tag-linker-tag constructs ("PETs").
To enable the purification of PET constructs by streptavidin-coated magnetic beads, both half-linker A and B are modified with biotin, allowing capture and purification of the ChIA-PET constructs. 
C. Representative ChIA-PET Results
We successfully constructed ChIA-PET libraries using RNA Polymerase II antibody (8WG16) in MCF-7 cells (CHM160 and CHM163) 9 using 672 ng of ChIP material as described above. The initial diagnostic gel run of this PCR-amplified library, as mentioned in Step 6.2 of the ChIA-PET protocol, displayed a bright and well-defined band at the expected size of 223 base pairs for all PCR cycling used (see Figure 4) .
16 PCR cycles was used to amplify the ChIA-PET library and a total yield of 17.1 ng was obtained. A single, intense electropherogram peak was observed at the expected size of 223 base pairs via Agilent DNA 1000 analysis as mentioned in Step 7.1 of the ChIA-PET protocol (see Figure  5 ). 
Discussion
ChIA-PET is a method developed to identify long-range interactions in transcription regulation. One of the critical factors that determine the quality of a ChIA-PET library is the quality of ChIP material.
The protocol shown in the video incorporates the use of EGS and formaldehyde to cross-link the cells. The use of formaldehyde combined with a second cross-linking reagent bearing a longer spacer arm may help in the binding of proteins which could not be bound by formaldehyde alone 3, 11, 15 . We have constructed libraries with this method which have demonstrated robust binding sites and long-range interactions 9 . However, the cross-linking and ChIP conditions should be optimized for each factor of interest, and it is important not to over-crosslink as too much crosslinking will result in difficulties in fragmentation by sonication, and may possibly result in spurious chromatin interactions. Chromatin interactions identified by ChIA-PET should be validated by a different method, such as fluorescence in-situ hybridization 4 . We recommend a minimum of 100 ng of chromatin material. While we have constructed good quality libraries from 50 ng of chromatin material, we have observed that large amounts of starting material allowed construction of ChIA-PET libraries with less than 16 PCR cycles, thereby minimizing amplicons and redundancy of each library. This lower redundancy correlated with higher unique mapped tags and also a high percentage of usable data, thereby enabling a more comprehensive chromatin interaction map with fewer lanes of sequencing. The final packed volume of beads in each tube should be 50 μl and 100 μl for magnetic and Sepharose beads respectively. If the packed bead volume is less than stated, bring to the minimum packed volume with similarly pre-cleared blank magnetic or Sepharose beads to minimize loss of DNA-bearing beads in subsequent steps. Sawed-off tips or large-core tips should be used for pipetting Sepharose beads.
The following modifications were incorporated following the previously published ChIA-PET protocol 5 . Firstly, magnetic G beads were used to minimize sample loss during washes. In addition, we identified non-specific bands with approximate sizes of 100 bp and 138 bp to be amplicons of self-ligated half-linkers or/and adaptors. Hence, we reduced the concentration of biotinylated half-linkers and 454 GS20 adaptors to minimize non-specific bands during PCR amplification. The proximity ligation volume was reduced from 50 ml to 10 ml to minimize sample loss during subsequent purification steps and also save on reagent costs. We also increased the incubation time to immobilize ChIA-PET DNA to beads to ensure maximal capture of ChIA-PET DNA on the streptavidin beads.
During the proximity ligation step, chimeric ligations that do not represent true in vivo chromatin interactions are inevitably generated in a nonspecific and random manner. Hence, to evaluate the quality of data from any ChIA-PET experiment, the rate of chimerism is estimated from the use of two different half-linkers with specific nucleotide barcodes TAAG and ATGT 5 . After high-throughput sequencing, the ChIA-PET sequences are first analyzed for linker barcode composition and sequences derived from specific ligation products and non-specific ligation products can be distinguished 8 . The percentage of known chimeras (i.e. heterodimers AB linkers) present in our in-house MCF-7 RNA Polymerase II ChIA-PET libraries is less than 15%.
ChIA-PET sequences are subsequently classified into two categories, namely self-ligation PETs and inter-ligation PETs. Self-ligation PETs are obtained from self-circularization ligation of the chromatin fragments while inter-ligation PETs are derived from inter-ligation between two different DNA fragments. The latter is then sub-divided into three different categories based on the genomic distance of each tag on the same chromosome (intrachromosomal inter-ligation PETs) or that both tags are mapped to two different chromosomes (interchromosomal inter-ligation PETs). We have developed a ChIA-PET tool software package to sort out the different categories 8 . This will be based on the DNA fragments that are in the library. Generally, smaller ChIP fragments will give a higher resolution and the cut off for these RNA Polymerase II ChIA-PET libraries is about 4 kb.
In addition, real chromatin interactions can be distinguished from random noise by counting the number of inter-ligation PETs in an interaction cluster; in other words, a cluster of high PET count is said to have a higher probability of being a real chromatin interaction 8 .
To filter our false positives arise from highly enriched anchors which can form inter-ligation PETs by random chance, a statistical analysis framework has also been formulated to account for random formation of any inter-ligation PETs between two anchors 8 .
In conclusion, the ChIA-PET technique allows mapping chromatin interaction networks on a global scale. The implementation of ChIP in ChIA-PET allows the reduction of library complexity and background noise. In addition, ChIP adds specificity to chromatin interactions, enabling the examination of specific chromatin interactions associated with particular transcription factors 5 .
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